SUMMARY Peak ascending and descending aortic blood flow velocities were measured using continuous wave Doppler ultrasound velocimetry in 30 children with coarctation or recoarctation of the aorta and in 13 control subjects. The results were compared with the arm to leg systolic blood pressure difference. The peak flow velocities in the descending aorta were significantly higher in the patients than in the control subjects and there was a close correlation with the systolic blood pressure gradient. Since there was no overlap of flow velocities between the patients and the control subjects the Doppler technique enables coarctation confidently to be excluded as well as demonstrating its presence and severity. The method is simple, rapid, independent of the condition of the aortic valve, and is applicable to neonates in whom the diagnosis of coarctation may otherwise be difficult. In older children it is useful for detecting recoarctation and following its progress, particularly in patients in whom a reliable estimate of the systolic blood pressure gradient cannot be obtained.
Initial diagnosis and assessment of coarctation of the aorta is usually based on the quality of the femoral pulses and the blood pressure difference between the arm and the leg. Cardiac catheterisation and angiocardiography have been the traditional means of investigation in infants. Cross sectional echocardiography has enabled accurate non-invasive diagnosis in many congenital heart lesions, but in patients with coarctation it may be unable to determine the site of the lesion' and thus cannot be used to estimate severity by assessing lumen diameter. Using the Bernoulli equation transcutaneous Doppler ultrasound velocimetry has been used sucCessfully to estimate the fall in pressure across valvular lesions.2 3 In this study, we aimed to determine whether this type of Doppler approach might add clinically useful information for the non-invasive assessment of patients with coarctation of the aorta, a lesion which represents a form of obstruction rather different from the valvular stenoses. We have used the technique in Requests for reprints to Dr R K H Wyse, Department of Paediatric Cardiology, Institute of Child Health, 30 Guilford Street, London WC1N IEH.
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Patients and methods
Thirty patients with coarctation of the aorta were studied. The mean (SD) age of these patients was (0. 8) The peak velocity of blood flow in the ascending and descending aorta was measured in children with coarctation or recoarctation of the aorta using a combined pulsed and continuous wave Doppler velocimeter (either an ALFRED system, Vingmed A/S Ltd, Norway; or in two patients a similar PEDOF system, Vingmed A/S Ltd, Norway, with peak velocity read from a dedicated online spectal display4 (Fig. 1) ). The ALFRED system was equipped with a digital display maximum frequency estimator, which gives a value for peak blood flow velocity each cardiac cycle. The Doppler velocimeter was used in its continuous wave mode in these patients since the velocities obtained from the site of coarctation exceeded the resolution capabilities of the pulsed alternative. The emitting frequency was 2 MHz which allowed the maximum resolvable velocity in the continuous wave mode to be 8 279 mum flow velocity were obtained over many (>50) cardiac cycles, and the range of these values was noted together with the overall peak velocity, the value of which was subsequently used to calculate the predicted pressure gradient (see later). This procedure was then repeated by directing the Doppler beam towards the ascending aorta to obtain values for the maximum blood flow velocity, noting the range as well as the overall fastest velocity recorded. The Doppler signal was not corrected for angle since this was small for both limbs of the aorta studied. In a few patients respiration caused the lungs periodically to obstruct the direct ultrasonic route between transducer and coarctation; this effect could often be eliminated if patients were asked to turn their head to the left.
MEASUREMENT OF SYSTOLIC BLOOD PRESSURE GRADIENT
After the maximum flow velocities had been determined, the right arm to leg blood pressure gradient was measured using appropriately sized cuffs and a continuous wave transctitaneous Doppler ultrasound peripheral blood velocimeter (BV 381, Sonicaid Ltd, Sussex, UK) with an emitting frequency of 7-5 MHz.
The maximum blood flow velocity measured in the descending aorta was used in this study to estimate the systolic blood pressure gradient because the peak blood flow jet velocity at a stenosis is known to be proportional to the pressure gradient driving it.5 This relation is described by a derivation of the Bernoulli equation which relates the fall in pressure to the difference between the squares of the upstream and jet velocities multiplied by a constant. Since blood flow proximal to a stenosis is usually much slower than at the jet, however, the equation conveniently reduces to the more simplified form used in this study: 
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Of the 30 patients with coarctation, five had systolic pressures in the right arm that were ¢ 160 mm Hg. In a further eight, this pressure was between 140 and 160 mm Hg.
BLOOD VELOCITY MEASUREMENTS
Measurements of peak ascending and descending aortic blood flow velocities were successfully obtained in all 31 studies. In patients with coarctation the peak flow velocity in the descending aorta was significantly higher than in the control subjects (p<0-001) ( Fig. 2 and Table) . There was no overlap between the two groups.
The arm to leg systolic pressure gradient in patients with coarctation was plotted against peak descending aortic flow velocity in Fig. 3 ; linear regression gave a coefficient of correlation of 0-84 (p<0-001). The arm to leg systolic pressure difference in these patients was also plotted against the pressure gradient predicted by the Doppler technique, which was calculated from the values of peak blood flow velocities in the decending aorta using the simplified Bernoulli equation. There was a significant correlation between the two (r= 085; p<0-001) (Fig. 4) .
In patients with coarctation the peak flow velocity in the ascending aorta was significantly higher than in the control subjects (p<0.001) (Fig.2 and Table) , and 83% of these values were above the range found in the control group. Two of the patients had both significant aortic stenosis and coarctation, whereas Wyse, Robinson, Deanfield, Tunstall Pedoe, Macartney as we found no overlap of range between the flow velocities in the descending aorta of patients compared with those of the control group, finding a normal peak flow velocity in a child will, therefore, positively exclude the presence of coarctation. The range of blood flow velocities in the descending aorta in our control group was similar to values obtained in a large published series of children," and the flow velocity appears to be independent of age.
Although an accurate assessment of the fall in pressure from an estimation of the jet velocity has been claimed in two patients,7 no systemic study of a sufficiently large series is available to validate the technique in coarctation. We found in the present study that when the Doppler technique is used to assess children with coarctation the Bernoulli equation may be used confidently to estimate the pressure gradient. Moreover, even more simply, without using the Bernoulli relation, just measuring the value of the pear blood flow velocity in the descending aorta is indeed all that is required to establish whether significant obstruction is present or not and to assess its severity (Fig. 3) .
We have shown that coarctation can be detected by the continuous wave Doppler technique in the presence of even severe aortic stenosis. Many of our other patients were previously known also to have minor abnormalities of the aortic valve, which are commonly associated with coarctation. These abnormalities are likely to be the explanation for the modest increases in peak ascending aortic blood flow velocities. Using the Doppler technique, however, we were able to distinguish the lesions separately from the peak blood flow jet velocities in the two sites studied. It was apparent from some of our other studies that in patients with severe aortic stenosis and no coarctation the flow velocity in the descending aorta was quite normal. In postoperative patients, by quantifying flow velocities, longitudinal assessment is facilitated making it easier to detect recoarctation and follow its progress. This is particularly true in patients who have had arterial catheterisation from the right arm and subclavan flap repairs on the left, for in such patients it may be impossible to obtain reliable non-invasive measures of blood pressure proximal to the coarctation. Furthermore, Doppler velocimetry might well prove extremely useful in interpreting the recent finding that 690/o of patients immediately after coarctation repair have an arm to leg pressure difference that subsequently resolves, whereas only 13% have persistent gradients and 13% progressive gradients. ' 0 We do not know whether these pressure differences represent obstruction to flow or whether they are simply the result of alterations in the elasticity of the aortic wall.
Even in patients with what we would consider as extremely good coarctation repairs (that is, with gradients < 10 mm Hg) the range of jet velocities at the coarctation site was increased. Since these velocities are twice the normal values it is possible that these patients have a reduction in lumen diameter at the site of coarctation but that it is not severe enough to create a significant gradient.
We were concerned that when the operator used the audio output without spectral analysis the peak frequency estimator in the ALFRED might overestimate the flow velocities. Nevertheless, the ear is extremely sensitive in detecting artefactual flow velocity waveforms and in allowing the transducer beam to settle on the fastest part of any jet. We were therefore able to obtain consistent results over many cardiac cycles. When a spectral analyser was used in some patients there was always consistency between the spectral output and the peak velocity estimates. We have found in two neonates that the continuous
